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ABSTRACT: Previously synthesized only as powders, single crystals of the RE2Ru3Ge5 (RE = 
La, Ce, Nd, Gd, Tb) series of compounds have been now been obtained from molten In.  These 
materials crystallize with the U2Co3Si5-type structure in orthorhombic space group Ibam with 
lattice parameters a ~ 10.00-9.77 Å (La-Tb), b ~ 12.51-12.35 Å, and c ~ 5.92-5.72 Å.  The 
structure is a three-dimensional framework consisting of RuGe5 and RuGe6 units, as well as 
Ge‒Ge zigzag chains.  This structure type, along with the other five (Sc2Fe3Si5, Lu2Co3Si5, 
Y2Rh3Sn5, Yb2Ir3Ge5, and Yb2Pt3Sn5) to compose the RE2T3X5 phase space, are discussed in 
depth.  For the three compounds with RE = Nd, Gd, and Tb, multiple magnetic transitions and 
metamagnetic behavior are observed.  Electronic band structure calculations performed on 
La2Ru3Ge5 indicate that these materials have a negative band gap and are semimetallic in nature. 
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INTRODUCTION 
 
Ternary intermetallic phases RE2T3X5 (RE = rare-earth element or actinide; T = transition metal; 
X = Ga, Si, Ge, Sn) have attracted great attention in the condensed matter community due to the 
variety of electronic and magnetic properties that they exhibit.  Interest in this family of 
compounds stemmed initially from the discovery of superconductivity in a number of members, 
including Sc2Fe3Si5 (Tc ~ 4.46 K), Y2Fe3Si5 (Tc ~ 1.68 K), Tm2Fe3Si5 (Tc ~ 1.7 K), Lu2Fe3Si5 (Tc 
~ 6.25 K), Lu2Ni3Si5 (Tc ~ 2.1 K), Y2Rh3Si5 (Tc ~ 4.4 K), La2Rh3Si5 (Tc ~ 2.7 K), Y2Ir3Si5 (Tc ~ 
2.9 K), La2Ir3Si5 (Tc ~ 2 K), Y2Ir3Ge5 (Tc ~ 2.5 K), La2Ir3Ge5 (Tc ~ 1.75 K), La2Pt3Ge5 (Tc ~ 8.1 
K), and Pr2Pt3Ge5 (Tc ~ 7.8 K).
1-8  Ce2Ni3Ge5 is a unique material, which under ambient pressure 
exhibits two antiferromagnetic transitions at TN1 ~ 5.0 K and TN2 ~ 4.3 K, but reaches a quantum 
critical point (QCP) under an applied pressure of ~ 3.9 GPa where the Néel temperature becomes 
zero and heavy-fermion superconductivity is induced at Tc ~ 0.26 K.
9 
 Ce2Pd3Si5, Ce2Rh3Ge5, Ce2Ir3Ge5, and Yb2Ir3Ge5 have been classified as Kondo lattice 
systems, with moderate heavy-fermion antiferromagnetism observed in the middle two.10-12 
Heavy-fermion behavior was also identified in Pr2Rh3Ge5.
13  Mixed valence (or valence 
fluctuation) has been reported for the rare-earth ions (Ce3+/Ce4+, Eu2+/Eu3+) in Ce2Ni3Si5, 
Eu2Ni3Si5, Ce2Rh3Si5, Ce2Ir3Si5, and Eu2Pt3Si5.
14-17  The antiferromagnetic compounds 
RE2Ni3Si5 exhibit positive giant magnetoresistance (GMR) when RE = Nd, Sm, and Tb, whereas 
the other rare-earth analogs (RE = Pr, Dy, Ho) display anomalous MR which has been attributed 
to metamagnetic transitions and short-range ferromagnetic correlations.18 
 The ternary RE2T3X5 phases, which span a wide range of physical properties, also assume 
several different crystal structures.  The most frequent structure type is the orthorhombic 
U2Co3Si5-type (space group Ibam), which was first elucidated by Aksel’rud et al. in 1977.19  The 
next most common structure types are the tetragonal Sc2Fe3Si5-type (space group P4/mnc)
20 and 
monoclinic Lu2Co3Si5-type (space group C2/c).
21  With only one or a few examples of each, the 
following are quite rare crystal structure types (all orthorhombic): Y2Rh3Sn5-type (space group 
Cmc21),
22 Yb2Pt3Sn5-type (space group Pnma),
23 and Yb2Ir3Ge5-type (space group Pmmn).
12  As 
will be described in more detail below in the Results and Discussion section, all of these 
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structure types are three-dimensional frameworks with only slight variations in the rare-earth and 
transition metal coordination environments. 
 Herein we report on the synthesis, crystal structures, magnetic properties, and electronic 
band structures of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series of compounds.  Small 
crystals (~ 15 m) of La2Ru3Ge5 were previously obtained from induction melting,24 but the 
other four compounds had only been prepared in polycrystalline form.25  We have succeeded in 
growing single crystals of these five compounds out of a molten indium flux.  From single-
crystal X-ray diffraction structure refinements, these phases were confirmed to adopt the 
U2Co3Si5-type structure.  This is in contrast to the analogs with RE = Pr, Sm, and Dy, which we 
have previously reported to crystallize in a different polymorph with the Sc2Fe3Si5-type 
structure.26  We will provide a detailed discussion of the various crystal structures that compose 
the RE2T3X5 family of materials.  Magnetic susceptibility measurements revealed 
antiferromagnetic behavior and metamagnetism for the Nd, Gd, and Tb analogs.  Electronic band 
structure calculations suggest that La2Ru3Ge5 is a semimetal.    
 
  
EXPERIMENTAL METHODS 
 
General Details.  The following reagents were used as received: lanthanum powder 
(Alfa Aesar, 99.9%), cerium powder (Alfa Aesar, 99.9%), neodymium powder (Alfa Aesar, 
99.9%), and ruthenium (Johnson Matthey, 99.999+%).  Gadolinium (HEFA Rare Earth Canada 
Co. Ltd., 99.9%) and terbium (HEFA Rare Earth Canada Co. Ltd., 99.9%) chunks were filed 
down to coarse shavings.  Germanium pieces (Plasmaterials, 99.999%) were ground to a fine 
powder prior to use.  Indium shot (Plasmaterials, 99.99%) was briefly rinsed with dilute HCl to 
remove any surface oxide impurities.  Handling of materials was performed in an M-Braun 
glovebox under an inert Ar atmosphere (< 0.1 ppm H2O and O2). 
Crystal Growth of RE2Ru3Ge5.  The reaction mixtures consisted of rare-earth element 
(1.66 mmol), Ru (2.5 mmol), and Ge (4.16 mmol).  The reagents were loaded into 2 mL alumina 
crucibles and covered with a large excess of In (~ 2 g) as flux.  Next, the alumina crucibles were 
 5 
 
placed in 15 mm O.D.  13 mm I.D. fused-silica tubes and flame-sealed under a vacuum of < 10-
4 mbar.  In a programmable furnace, the tubes were heated to 1000°C in 10 h, held at 1000°C for 
4 h, cooled to 850°C in 2 h, held at 850°C for 48 h, and then slowly cooled to 50°C over 48 h.  
At room temperature, the fused-silica tubes were opened and the alumina crucibles were 
removed.  The alumina crucibles were then loaded in new fused-silica tubes, covered with 
stainless steel frits, and sealed under a vacuum of < 10-4 mbar.  The fused-silica tubes were 
replaced in a furnace that had been pre-heated to 600°C and allowed to soak for approximately 
one hour in order to melt the In flux.  The fused-silica tubes were then removed from the furnace 
and centrifuged.  Any remaining In flux could be removed by soaking the product in dilute HCl 
(1:3 H2O), followed by gravity filtration and rinsing with H2O and acetone.  RE2Ru3Ge5 formed 
as shiny black prismatic crystals in ~ 50-75% yield, depending on the rare-earth element.  Other 
phases present in the polycrystalline product, as identified by powder X-ray diffraction, included 
RERu2Ge2, Ru2Ge3, and RuIn3. 
Scanning Electron Microscopy.  The microprobe analyses of several crystals of each 
compound were performed with a Hitachi S-4700-II Scanning Electron Microscope using an 
EDAX Phoenix X-ray energy dispersive spectrometer (EDS).  The spectrometer utilizes a Li-
drifted Si detector with an ultra-thin window, and data were acquired with a beam current of 10 
μA at 20 kV accelerating potential.  Semi-quantitative analysis by EDS on several crystals of 
each composition using the RE Lα, Ru Lα, Ge Lα lines confirmed the 2:3:5 ratio, and also ruled 
out the presence of impurities such as In. 
Single Crystal X-ray Diffraction.  Single crystals were selected and mounted on the tips 
of glass fibers for X-ray diffraction.  Intensity data were collected at 298 K using ω scans on a 
STOE 2T imaging plate diffraction system using graphite-monochromatized Mo Kα radiation (λ 
= 0.71073 Å) operating at 50 kV and 40 mA with a 34 cm diameter imaging plate.  Individual 
frames were collected with either a 4 min (RE = La, Nd, Gd, Tb) or a 5 min (RE = Ce) exposure 
time, and a 0.5° ω rotation.  X-AREA, X-RED, and X-SHAPE software packages were used for 
data collection, integration, and analytical absorption corrections, respectively.27  Structures were 
solved with the direct methods program SHELXS and refined with the full-matrix least-squares 
program SHELXL.28  Each final refinement included a secondary extinction correction.  The 
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parameters for data collection and details of the structure refinements are given in Table 1.  
Atomic coordinates and thermal displacement parameters (Ueq) are given in Table 2, anisotropic 
thermal displacement parameters are given in Table 3, and selected interatomic distances are 
given in Table 4.   
All of the compounds crystallize in the U2Co3Si5 structure type, as previously reported.
25  
The lattice constants for La2Ru3Ge5 determined in the present study agree well with those 
described in an earlier single-crystal X-ray structure refinement (a = 10.0108(6) Å, b = 12.496(2) 
Å, and c = 5.9256(8) Å).24  Our unit cell parameters for the other rare-earth analogs are 
somewhat different from those reported based on indexing of powder X-ray diffraction data.  As 
indicated by the cell volumes, we have found a slightly larger unit cell for Ce2Ru3Ge5 (724.2(3) 
Å3 vs. 722.9(9) Å3), as well as smaller unit cells for the Nd (708.5(3) Å3 vs. 715.7(9) Å3), Gd 
(697.9(2) Å3 vs. 704.2(9) Å3), and Tb (690.0(2) Å3 vs. 698(1) Å3) analogs.  We attribute these 
discrepancies to the higher accuracy of our data determined by single-crystal X-ray diffraction. 
Powder X-ray Diffraction.  Phase purity of the products was confirmed by powder X-
ray diffraction.  The samples were finely ground and mounted on a flat plate sample holder.  
Data was collected on a Panalytical X’pert Pro diffractometer with an Fe-filtered Cu Kα source, 
operating at 45 kV and 40 mA under a continuous scanning method in the angular range 15-85° 
2θ in steps of 0.0167°. 
Magnetic Measurements.  A Quantum Design Magnetic Properties Measurement 
System (MPMS) Superconducting Quantum Interference Device (SQUID) magnetometer was 
used to perform dc magnetization measurements as a function of temperature and applied 
magnetic field.  Manually selected single crystals of Nd2Ru3Ge5 (24.5 mg), Gd2Ru3Ge5 (14.8 
mg), and Tb2Ru3Ge5 (20.2 mg) were loaded in gelatin capsules that were each mounted in a 
separate plastic straw.  Zero-field-cooled (ZFC) susceptibility data were collected in the 
temperature range 1.8-350 K with an applied field of 1 kOe.  Magnetic isotherms, M(H), were 
collected with applied magnetic fields of 0-55 kOe in different temperature intervals between 1.8 
K and 50 K, as well as at room temperature (300 K). 
Heat Capacity.  The specific heat Cp of Nd2Ru3Ge5 was measured using a relaxation 
technique in a Quantum Design Physical Property Measurement System (PPMS) instrument.  
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For the measurement, several manually selected crystals were positioned on the sapphire 
platform of a sample puck.  Thermal contact between the crystals and the platform was achieved 
using a thin layer of Apiezon N grease.  Data was collected in the temperature range 1.8-50 K. 
Band Structure Calculations.  Electronic structure calculations for La2Ru3Ge5 were 
performed with the WIEN2k program29 using the self-consistent full-potential linearized 
augmented plane wave method (LAPW)30 within density functional theory (DFT),31 and the 
generalized gradient approximation (GGA) of Perdew, Burker, and Ernzerhof32 for the exchange 
and correlation potential.  The values of the atomic radii were taken to be 2.5 a.u. for La atoms, 
2.3 a.u. for Ru atoms, and 2.3 a.u. for Ge atoms, where a.u. is the atomic unit (0.529 Å).  
Convergence of the self-consistent iterations was performed for 170 k points inside the Brillouin 
zone to within 0.0001 Ry with a cutoff of -6.0 Ry between the valence and core states.  Scalar 
relativistic corrections were included and a spin-orbit interaction was incorporated using a 
second variational procedure.33 
 
 
RESULTS AND DISCUSSION 
 
Crystal Growth.  The vast majority of the RE2T3X5 compounds have been prepared by 
standard arc-melting techniques.  The arc-melting is typically followed by high-temperature 
annealing at 800-1250C for a time duration lasting anywhere from several days up to a month.  
There are a couple of major drawbacks that limit the utility of this procedure.  Due to the 
volatility of certain rare-earth elements (RE = Eu, Sm, Yb) or main group metals (X = Ga), 
compositions containing these elements may not be easily accessible, if at all, by arc-melting.  
Furthermore, a low yield of small single crystals may be obtained from the arc-melting/annealing 
technique, but more often than not, the product is a polycrystalline powder that may or may not 
be phase pure.  Although the properties of many RE2T3X5 phases have been examined, gaining a 
better understanding of the physics in these systems could be accelerated by more detailed 
physical property measurements of single crystals. 
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 To remedy this situation, a number of investigators have attempted to prepare crystals of 
RE2T3X5 materials by melt growth.  For example, Tm2Fe3Si5 single crystals have been grown by 
the Bridgman method,34 while Lu2Fe3Si5 crystals were obtained from the floating zone 
technique.35  The most success has been achieved with growing crystals by the Czochralski 
method, examples including the following: Er2Fe3Si5, Tb2Ni3Si5, U2Rh3Si5, Er2Ir3Si5, Lu2Ir3Si5, 
Ce2Rh3Ge5, and Pr2Pd3Ge5.
36-42  In addition to requiring more expensive furnace equipment, 
these methods depend upon having congruently melting phases.  Both Ce2Ni3Si5 and Ce2Ni3Ge5 
were reported to be incongruently melting,43,44 indicating that at least some RE2T3X5 phases may 
not be amenable to crystal growth by melt techniques.  As an alternative, some researchers have 
investigated the flux method as a route to growing high-quality single crystals of these 
compounds.  This is a promising approach since molten metal fluxes have proven to be highly 
effective for the crystal growth of intermetallic silicides and germanides, as reflected in the 
literature.45 
With regards to the RE2T3X5 materials, several different main group or transition metals 
have been utilized successfully as fluxes in crystal growth experiments.  Compounds such as 
RE2Ni3+xSi5-x (RE = Sm, Gd, Tb), Pu2Ni3Si5, and Pu2Co3Si5 were grown as crystals out of 
gallium fluxes.46,47  Molten tin was used as the reaction medium to prepare crystals of Ce2Pd3Si5, 
Ce2Pt3Si5, Yb2Pt3Si5, Pu2Pt3Si5, and Yb2Pt3Sn5.
48-51,23  A low-melting bismuth flux aided in the 
crystallization of Ce2Ni3Ge5, Ce2Rh3Ge5, and La2Pd3Ge5,
44,52,53 whereas Nd2Pd3Ge5 was obtained 
from a lead flux.53  The phases Eu2Pt3Si5 and Eu2Ni3Ge5 were grown as single crystals from an 
indium flux, as well as RE2Ru3Ge5 (RE = Pr, Sm, Dy), which we recently reported on.
17,54,26  
Finally, RE2Pt3Ge5 (RE = La, Pr) crystallized in a Pt-Ge eutectic self-flux.
8 
Here, we report on extending the application of indium flux to the crystal growth of the 
remaining members of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series.  A stoichiometric 
mixture of rare-earth element, Ru, and Ge, is heated in an excess of In flux at a maximum 
temperature of 1000°C to fully dissolve the reactants in the flux, before a longer soaking at 
850°C, where presumably, the crystal growth occurs, followed by slow cooling.  The In flux can 
be removed by centrifugation while it is still molten, or by dissolution in dilute HCl at room 
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temperature.  The RE2Ru3Ge5 materials crystallize as shiny black prisms (Figure 1), which are 
resistant to attack by the dilute acid, although the crystal facets may become slightly dulled. 
Crystal Structure.  All five members of the series RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, 
Tb) crystallize in space group Ibam of the orthorhombic system with the U2Co3Si5 structure type.  
There are five crystallographic sites in the structure, with one RE atom position, two Ru atom 
positions, and three Ge atom positions.  The site symmetries are ..m for RE, Ru(1), and Ge(1), .2. 
for Ge(2), and 222 for Ru(2) and Ge(3).  The three-dimensional framework of the RE2Ru3Ge5 
compounds (Figure 2) can be viewed as alternating layers of [Ru3Ge5] and RE.  Within the 
[Ru3Ge5] slab, the Ru(1) and Ru(2) atoms are coordinated by Ge atoms in square pyramidal and 
highly distorted octahedral geometries, respectively.  The Ru‒Ge bond distances, ranging from 
2.393(1)-2.6478(9) Å, are all considered normal covalent bonds.  For comparison, the Ru‒Ge 
bond lengths in Ru2Ge3 and LaRu2Ge2 are 2.384(6)-2.664(6) Å and 2.440(1) Å, respectively.
55,56  
Also within the slabs, infinite Ge(1)‒Ge(2)‒Ge(1)‒Ge(2) zigzag chains extend in the c direction, 
with Ge(1)‒Ge(2) bond distances of 2.6971(8) Å (RE = La) decreasing to 2.6779(8)Å (RE = Tb).  
A standard Ge‒Ge single bond length, as observed in the diamond modification of elemental Ge, 
is ~ 2.45 Å,57 whereas a typical double bond is shorter, ~ 2.3 Å.58  The Ge‒Ge bond distances in 
some other RE-T-Ge phases include 2.354(2)-2.561(1) Å in RE2Zn3Ge6 (RE = La-Nd) and 
2.423(4)-2.647(3) Å in RENiGe2 (RE = Er, Yb, Lu).
59,60  The Ge(3)∙∙∙Ge(3) interatomic distances 
of ~ 3.0 Å are considered to be non-bonding interactions.  Neighboring [Ru3Ge5] slabs are held 
together via Ru(1)‒Ge(1) bonds, which are the shorter apical bonds in the Ru(1)Ge5 square 
pyramids.  Separating the [Ru3Ge5] slabs are square planar layers of RE atoms in the bc plane.  
The RE∙∙∙RE interatomic distances are shortest for RE = Tb (~ 4.0 Å), and increase for the earlier, 
larger rare-earth elements.  Each RE atom is 16-coordinate, with bonds to 6 Ru atoms and 10 Ge 
atoms. 
Three other members of the RE2Ru3Ge5 series, namely RE = Pr, Sm, and Dy, were 
previously reported by Venturini et al. to also crystallize in the U2Co3Si5-type structure.
25  Their 
structure determination was made on the basis of indexing powder X-ray diffraction data from 
samples synthesized by a solid-state route at 900°C.  Our attempt to grow crystals of these 
compounds by the method described above instead resulted in a different polymorph of these 
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materials (Sc2Fe3Si5-type structure).
26  Despite multiple attempts with varying synthetic 
conditions, only crystals of Pr2Ru3Ge5, Sm2Ru3Ge5, and Dy2Ru3Ge5 with the tetragonal 
Sc2Fe3Si5-type structure were obtained, which was confirmed by a combination of powder and 
single-crystal X-ray diffraction techniques.  It is unclear if the earlier structure assignment was 
incorrect (low-quality powder X-ray diffraction data), or if the different reaction conditions in 
the molten metal flux route simply allowed a second polymorph to be stabilized.  The differences 
between these two RE2M3X5 structure types, as well as other related types, will be discussed in 
the following section. 
Crystal Chemistry of the RE2T3X5 Series.  To the best of our knowledge, all 206 
compounds in the RE2T3X5 series adopt one of 6 structure types (Figure 3, Table 5, and 
Supporting Information).  Slightly more than half of those materials crystallize in the U2Co3Si5 
structure type (orthorhombic Ibam),19 followed by the Sc2Fe3Si5-type (tetragonal P4/mnc)
20 and 
Lu2Co3Si5-type (monoclinic C2/c) structures.
21  The other three structure types are quite rare, 
with only 10 total phases adopting the Y2Rh3Sn5-type (orthorhombic Cmc21),
22 Yb2Ir3Ge5-type 
(orthorhombic Pmmn),12 or Yb2Pt3Sn5-type (orthorhombic Pnma)
23 structures.  Several of these 
compounds are “duplicates” in that multiple polymorphs are known for the same empirical 
composition.  For example, as noted above, Pr2Ru3Ge5, Sm2Ru3Ge5, and Dy2Ru3Ge5 can 
seemingly adopt either the U2Co3Si5 or Sc2Fe3Si5 structure types.
25,26  Similarly, Tb2Ru3Si5 and 
Er2Ru3Si5 have also been reported to crystallize in both the U2Co3Si5-type and Sc2Fe3Si5-type 
structures.61  However, in this case, the compounds are reported to be non-stoichiometric 
(Tb2Ru3Si4.6 and Er2Ru3Si4.6) when adopting the Sc2Fe3Si5 structure type, but fully stoichiometric 
in the case of the U2Co3Si5-type polymorph. 
The vast majority of the phases with the U2Co3Si5 structure type are germanides and 
silicides, although there are also a few stannides.  The crystal structure is a three-dimensional 
framework as described above, and extensively in other literature.  The Sc2Fe3Si5 structure type, 
also referred to as the U2Mn3Si5 structure type in some earlier literature, was composed 
exclusively of silicides until 2010 when Jeitschko and Schlüter reported on the series of gallides, 
RE2Ru3-xGa5+x (RE = La-Nd, Sm).
62  Recently, we have added the first germanide compounds 
RE2Ru3Ge5 (RE = Pr, Sm, Dy)
26 to the list of compounds crystallizing with the Sc2Fe3Si5-type 
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structure.  This structure type also exhibits a three-dimensional framework, with the major 
difference from the U2Co3Si5 structure type being expressed in the coordination of the transition 
metal.  There are two transition metal crystallographic sites in both structure types; in the 
Sc2Fe3Si5-type compounds, these are distorted octahedral sites, whereas in U2Co3Si5-type 
compounds, there are six- (distorted octahedral) and five-coordinate (square pyramidal) sites. 
The Lu2Co3Si5 structure type, of which there are 31 representatives, consists of only 
germanides and silicides.  This 3D structure type is a monoclinic variant of the orthorhombic 
U2Co3Si5-type structure, with the main difference again being observed in the coordination 
environment of the transition metal.  The distorted octahedral coordination mentioned above for 
the U2Co3Si5-type and Sc2Fe3Si5-type structures can be envisioned as a “4+2” coordination.  In 
the Lu2Co3Si5 crystal structure, this distorted octahedron becomes more accurately a “5+1” 
geometry.  The second transition metal site retains the square pyramidal coordination from the 
U2Co3Si5-type structure. 
The other three RE2M3X5 structure types are quite limited in terms of reported examples.  
The Y2Rh3Sn5-type structure is only know for the RE = Gd-Ho analogs,
22 the Yb2Ir3Ge5-type 
structure for the RE = Er, Tm, and Lu analogs,7 and finally, Yb2Pt3Sn5 is the only example of that 
structure type (not including some mixed Ca/RE analogs63).  The Y2Rh3Sn5 structure type is 
again a 3D framework, but in contrast to the three more common structure types described 
above, there are three different transition metal coordination environments.  The Rh atoms have 
5-, 6-, and 7-coordinate environments, with distortions of square pyramidal, trigonal prismatic, 
and monocapped trigonal prismatic geometries, respectively.  The Yb2Pt3Sn5-type structure is 
nearly identical to that of Y2Rh3Sn5, with both descending from the common supergroup Cmcm 
by different symmetry reduction mechanisms.23  If the three-dimensional framework of these two 
structure types is deconvoluted into 3 separate slabs, one slab is the same, and the other two are 
interchanged by an inversion and a translation.  The Yb2Ir3Ge5 crystal structure was reportedly 
solved from the refinement of powder X-ray diffraction data.12  The space group and lattice 
parameters are provided, but no atomic coordinates are given.  The only structural detail supplied 
by the authors is that there are two independent Yb sites. 
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There is no obvious trend, for example, in valence electron count, to rationalize the 
distribution of materials among these six structure types.  All of the compounds possess a 
variation of the [T3X5] framework with the RE atoms occupying the voids.  A complex interplay 
between the atomic sizes and electronics, as manifest in the T‒X, T‒T, and X‒X bonding may 
determine which structure type a particular elemental composition adopts. 
Magnetic Properties.  Magnetic data was collected on single crystals of the RE2Ru3Ge5 
compounds with magnetically-active rare-earth elements, i.e. RE = Nd, Gd, and Tb.  Due to its 
lack of 4f electrons, La2Ru3Ge5 is presumed to be diamagnetic or weakly Pauli paramagnetic.  
Sufficient quantity of phase-pure single crystals of Ce2Ru3Ge5 could not be obtained for an 
accurate determination of the magnetic properties. 
The magnetic susceptibility (χm) and inverse magnetic susceptibility (1/χm) of Nd2Ru3Ge5 
over the temperature range 1.8-350 K are shown in Figure 4(a).  A clear antiferromagnetic 
transition is observed at the Néel temperature TN = 2.2 K.  From the derivative of χmT with 
respect to temperature (Figure 4(b)), the antiferromagnetic transition at 2.2 K is visible, as well 
as a second feature with a minimum at ~ 11.2 K.  The origin of the latter feature is not clear at 
this moment. At high temperatures, Nd2Ru3Ge5 exhibits typical paramagnetic behavior.  A 
Curie-Weiss fitting to the magnetic susceptibility data above 150 K yields a Curie constant C = 
1.531(7) emu K mol-1 and a Weiss constant θp = 18(1) K.  The effective magnetic moment, as 
determined from the equation μeff = 2.828C1/2, is 3.50(1) μB/Nd.  This value is only slightly less 
than the calculated effective magnetic moment (3.62 μB) for the Nd3+ cation.64  Magnetic 
isotherms, M(H), measured at different temperatures, and their corresponding derivatives, 
dM/dH, are presented in Figures 4(c) and (d).  Broad double peaks in dM/dH observed at T = 1.8 
K and 2 K suggest metamagnetic transitions (with critical fields of ~ 8 kOe and ~19 kOe at 1.8 
K) in this material.  Since the measurements were performed on a collection of crystals having 
no specific orientation with respect to applied field, the data in Figures 4(c) and (d) constitute 
some kind of average.  This averaging effect, as well as proximity to TN, are possible causes of 
the broadening of the features in dM/dH.  Temperature-dependent heat capacity of Nd2Ru3Ge5 is 
shown in Figure 5.  Interestingly, these data show two very sharp, closely positioned transitions 
at 2.1 K and 2.3 K, hinting at complex magnetism with competing interactions in this compound.  
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It is possible that due to base temperature limits of the measurement and the random orientation 
of the crystals with respect to magnetic field, only one transition is observed in the susceptibility 
data. 
The magnetic susceptibility, inverse magnetic susceptibility, and d(χmT)/dT for 
Gd2Ru3Ge5 within the temperature range 1.8-350 K are displayed in Figures 6(a) and 6(b).  Two 
antiferromagnetic transitions are present, at TN = 10.0 K and 28.6 K.   The paramagnetism of 
Gd2Ru3Ge5 at high temperatures (150-350 K) can be fit to the Curie-Weiss law, resulting in 
Curie and Weiss constants of 7.60(2) emu K mol-1 and -31.3(6) K, respectively.  The negative 
Weiss constant is consistent with antiferromagnetic interactions in this material.  The calculated 
effective magnetic moment is 7.81(3) μB/Gd, which is just less than the theoretical free ion value 
(7.94 μB) for the Gd3+ cation.64  Similar to Nd2Ru3Ge5, subtle features in M(H) for Gd2Ru3Ge5 
(Figure 6(c)), better identified as clear peaks in dM/dH (Figures 6(d)), once again point to 
metamagnetism.  The critical field is ~ 10 kOe at 1.8 K, and it monotonically decreases with 
increasing temperature. 
In Figure 7(a), the magnetic susceptibility and inverse magnetic susceptibility over the 
temperature range 1.8-350 K for Tb2Ru3Ge5 is shown.  Upon closer examination of the 
derivative of χmT with respect to temperature (Figure 7(b)), two closely-spaced peaks are 
observed, corresponding to two antiferromagnetic transitions at TN = 7.2 K and 11.4 K.  An 
apparent feature near 4.2 K is most probably an artifact of temperature control in this low-
temperature region.  At high temperatures, paramagnetic behavior is observed for Tb2Ru3Ge5.  
Fitting the Curie-Weiss law to the data above 150 K generates a Curie constant of 10.68(1) emu 
K mol-1 and a Weiss constant of -25.2(3) K.  The negative value for the Weiss constant indicates 
antiferromagnetic ordering in Tb2Ru3Ge5.  The effective magnetic moment is calculated to be 9.2 
μB/Tb, which is smaller than the theoretical moment for a Tb3+ cation (9.72 μB).64  
Metamagnetism is apparent in the M(H) and dM/dH data (Figures 7(c) and (d)).  It appears to be 
more complex in Tb2Ru3Ge5 than in the Nd or Gd analogs discussed above.  Comprehensive 
studies on an oriented single crystal would be desirable to clarify the metamagnetic states in this 
compound. 
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Band Structure.  The electronic band structure and the density of states (DOS) for 
La2Ru3Ge5 were calculated from density functional theory (DFT) using the experimentally 
determined unit cell parameters and atomic positions.  The calculated band structure along the 
high symmetry points, with the Fermi energy (EF) set as the zero energy level, is shown in Figure 
8(a).  The top of the valence bands (VB) rise higher than the bottom of the conduction bands 
(CB) and therefore the Fermi level crosses both, indicating that La2Ru3Ge5 has a negative band 
gap and thus is a semimetal.  The contributions of each atom to the DOS are displayed in Figure 
8(b).  The main contribution to the conduction bands, particularly in the range 1.5-4.0 eV, is 
attributed to the La atoms.  The DOS below the Fermi energy, i.e. the valence bands, are due 
primarily to contributions from the d states of Ru atoms. 
In Ce2Rh3Ge5, which is isostructural with the current RE2Ru3Ge5 series, the singly-
bonded Ge(1) and Ge(2) atoms were considered to be formally Ge2- anions.52  The isolated Ge(3) 
atom, which forms no Ge‒Ge bonds, was assigned to be a Ge4- anion.  If Ce is trivalent, the 
formula can be charge-balanced as (Ce3+)2(Rh
2+)3(Ge
2-)4(Ge
4-).  This discrete assignment of 
oxidation states would seem to imply semiconducting behavior for Ce2Rh3Ge5 and isostructural 
compounds.  This does not necessarily contradict our electronic band structure calculations for 
La2Ru3Ge5, which suggest semimetallic behavior.  To the best of our knowledge, no compounds 
with the U2Co3Si5-type structure have been reported to exhibit conventional semiconducting 
behavior.  (Sm2Ru3Ge5, which crystallizes in the alternative Sc2Fe3Si5-type structure, however, 
does in fact display semiconducting behavior, in addition to a charge density wave.26)  
Compounds such as La2Pd3Si5,
10 La2Ir3Sn5,
65 and Pr2Pt3Si5
66 are typical metals, while other 
materials with this structure type exhibit Kondo behavior, superconductivity, or other complex 
coupling between the electrical and magnetic behavior. 
 
 
CONCLUSION 
 
We have grown crystals of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series of compounds for 
the first time and confirmed the assignment of the U2Co3Si5 structure type.  In all three local 
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magnetic moment compounds studied in this work (Nd2Ru3Ge5, Gd2Ru3Ge5, and Tb2Ru3Ge5), 
two magnetic transitions above 1.8 K were observed, suggesting the presence of complex, 
competing magnetic interactions.  At high temperature, the values of the effective moments 
obtained from the Curie-Weiss fits are very close to the expected values for RE3+ ions.  The 
experimentally obtained Weiss constant is positive for Nd2Ru3Ge5 and negative for Gd2Ru3Ge5 
and Tb2Ru3Ge5, which under the assumption that the data correspond to a polycrystalline 
average, implies that the overall magnetic interactions are ferromagnetic for the former 
compound and antiferromagnetic for the latter two.  Magnetic isotherms suggest metamagnetic 
behavior for all three materials and call for more comprehensive studies on oriented single 
crystals.   
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Table 1.  Structure Refinement Details from Single-Crystal X-ray Diffraction for RE2Ru3Ge5 compounds
a 
 
 La2Ru3Ge5 Ce2Ru3Ge5 Nd2Ru3Ge5 Gd2Ru3Ge5 Tb2Ru3Ge5 
formula weight 943.98 946.40 954.64 980.66 984.00 
a (Å) 10.008(2) 9.933(2) 9.869(2) 9.796(2) 9.767(2) 
b (Å) 12.512(3) 12.397(3) 12.383(3) 12.404(3) 12.347(3) 
c (Å) 5.916(1) 5.881(1) 5.797(1) 5.744(1) 5.717(1) 
volume (Å3) 740.8(3) 724.2(3) 708.5(3) 697.9(2) 690.0(2) 
ρc (g/cm3) 8.464 8.681 8.950 9.333 9.460 
μ (mm-1) 37.053 38.676 41.337 46.091 47.834 
F(000) 1624 1632 1648 1680 1688 
crystal size (mm) 0.100 x 0.071 x 0.060 0.045 x 0.035 x 0.025 0.138 x 0.075 x 0.050 0.185 x 0.151 x 0.146 0.129 x 0.107 x 0.100 
θ range for data collection (deg) 3.26 to 34.98 3.29 to 35.00 4.13 to 32.96 4.16 to 34.98 4.17 to 34.99 
index ranges 
-16 ≤ h ≤ 16  
-19 ≤ k ≤ 20  
-9 ≤ l ≤ 9 
-15 ≤ h ≤ 15  
-20 ≤ k ≤ 20  
-9 ≤ l ≤ 9 
-14 ≤ h ≤ 15  
-18 ≤ k ≤ 18  
-8 ≤ l ≤ 8 
-15 ≤ h ≤ 15  
-19 ≤ k ≤ 20  
-9 ≤ l ≤ 9 
-15 ≤ h ≤ 15  
-19 ≤ k ≤ 19  
-9 ≤ l ≤ 9 
reflections collected 5527 5205 4387 5031 5115 
independent reflections 881 [Rint = 0.0405] 865 [Rint = 0.0408] 711 [Rint = 0.0286] 827 [Rint = 0.0379] 820 [Rint = 0.0380] 
completeness to θ = 34.90° 99.4% 99.8% 98.5% 99% 99.2% 
data / restraints / parameters 881 / 0 / 31 865 / 0 / 31 711 / 0 / 31 827 / 0 / 31 820 / 0 / 31 
GOF 1.279 1.169 1.246 1.438 1.305 
final R indices [>2σ(I)]b 
Robs = 0.0255 
wRobs = 0.0583 
Robs = 0.0270 
wRobs = 0.0581 
Robs = 0.0259 
wRobs = 0.0646 
Robs = 0.0254 
wRobs = 0.0616 
Robs = 0.0269 
wRobs = 0.0648 
R indices [all data]b 
Rall = 0.0257 
wRall = 0.0583 
Rall = 0.0308 
wRall = 0.0591 
Rall = 0.0259 
wRall = 0.0646 
Rall = 0.0254 
wRall = 0.0616 
Rall = 0.0270 
wRall = 0.0648 
a For all structures, λ = 0.71073 Å, temperature is 298(2) K, space group is Ibam, and Z = 4. 
b R = Σ ||Fo | - |Fc|| / Σ |Fo|, wR = {Σ [w(|Fo|2 - |Fc|2)2] / Σ [w(|Fo|4)]}1/2 and calc w = 1 / [σ2(Fo2) + (A  P)2 + (B  P)] where P = (Fo2 + 
2Fc
2) / 3.  For La2Ru3Ge5, A = 0.0165 and B = 19.4473.  For Ce2Ru3Ge5, A = 0.0310 and B = 7.1624.  For Nd2Ru3Ge5, A = 0.0270 and 
B = 26.8961.  For Gd2Ru3Ge5, A = 0.0280 and B = 6.0453.  For Tb2Ru3Ge5, A = 0.0240 and B = 17.8077. 
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Table 2.  Atomic Coordinates and Equivalent Isotropic Displacement Parameters (Å2  103) for 
RE2Ru3Ge5 compounds 
 
 Wyckoff x Y z Ueqa 
La 8j 0.2681(1) 0.3642(1) 0 8(1) 
Ru(1) 8j 0.0938(1) 0.1454(1) 0 10(1) 
Ru(2) 4b 0.5 0 0.25 7(1) 
Ge(1) 8j 0.3313(1) 0.0921(1) 0 9(1) 
Ge(2) 8g 0 0.2884(1) 0.25 9(1) 
Ge(3) 4a 0 0 0.25 8(1) 
Ce 8j 0.2680(1) 0.3640(1) 0 6(1) 
Ru(1) 8j 0.0946(1) 0.1456(1) 0 13(1) 
Ru(2) 4b 0.5 0 0.25 5(1) 
Ge(1) 8j 0.3304(1) 0.0918(1) 0 6(1) 
Ge(2) 8g 0 0.2879(1) 0.25 7(1) 
Ge(3) 4a 0 0 0.25 7(1) 
Nd 8j 0.2682(1) 0.3630(1) 0 5(1) 
Ru(1) 8j 0.0925(1) 0.1459(1) 0 9(1) 
Ru(2) 4b 0.5 0 0.25 7(1) 
Ge(1) 8j 0.3277(1) 0.0910(1) 0 6(1) 
Ge(2) 8g 0 0.2897(1) 0.25 6(1) 
Ge(3) 4a 0 0 0.25 6(1) 
Gd 8j 0.2684(1) 0.3612(1) 0 8(1) 
Ru(1) 8j 0.0913(1) 0.1472(1) 0 8(1) 
Ru(2) 4b 0.5 0 0.25 7(1) 
Ge(1) 8j 0.3249(1) 0.0886(1) 0 8(1) 
Ge(2) 8g 0 0.2923(1) 0.25 8(1) 
Ge(3) 4a 0 0 0.25 7(1) 
Tb 8j 0.2686(1) 0.3606(1) 0 10(1) 
Ru(1) 8j 0.0909(1) 0.1476(1) 0 10(1) 
Ru(2) 4b 0.5 0 0.25 9(1) 
Ge(1) 8j 0.3240(1) 0.0881(1) 0 9(1) 
Ge(2) 8g 0 0.2928(1) 0.25 10(1) 
Ge(3) 4a 0 0 0.25 9(1) 
a Ueq is defined as one third of the trace of the orthogonalized Uij tensor.  
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Table 3.  Anisotropic Displacement Parameters (Å2 103) for RE2Ru3Ge5 compounds a 
 
 U11 U22 U33 U12 U13 U23 
La 8(1) 8(1) 8(1) 0(1) 0 0 
Ru(1) 9(1) 6(1) 16(1) 0(1) 0 0 
Ru(2) 8(1) 8(1) 5(1) 0 0 0 
Ge(1) 9(1) 8(1) 8(1) 0(1) 0 0 
Ge(2) 9(1) 9(1) 8(1) 0 1(1) 0 
Ge(3) 8(1) 9(1) 8(1) 0 0 0 
Ce 5(1) 6(1) 6(1) 0(1) 0 0 
Ru(1) 5(1) 4(1) 29(1) 0(1) 0 0 
Ru(2) 5(1) 6(1) 3(1) 0 0 0 
Ge(1) 5(1) 7(1) 7(1) 1(1) 0 0 
Ge(2) 6(1) 10(1) 6(1) 0 1(1) 0 
Ge(3) 5(1) 11(1) 6(1) 0 0 0 
Nd 5(1) 6(1) 6(1) 0(1) 0 0 
Ru(1) 7(1) 6(1) 13(1) 0(1) 0 0 
Ru(2) 7(1) 7(1) 6(1) 0 0 0 
Ge(1) 5(1) 7(1) 7(1) 0(1) 0 0 
Ge(2) 6(1) 6(1) 7(1) 0 1(1) 0 
Ge(3) 7(1) 6(1) 7(1) 0 0 0 
Gd 9(1) 8(1) 7(1) 0(1) 0 0 
Ru(1) 9(1) 5(1) 9(1) 0(1) 0 0 
Ru(2) 9(1) 6(1) 4(1) 0 0 0 
Ge(1) 8(1) 7(1) 7(1) 0(1) 0 0 
Ge(2) 10(1) 6(1) 7(1) 0 1(1) 0 
Ge(3) 10(1) 5(1) 7(1) 0 0 0 
Tb 8(1) 10(1) 12(1) 0(1) 0 0 
Ru(1) 8(1) 7(1) 14(1) 0(1) 0 0 
Ru(2) 9(1) 8(1) 10(1) 0 0 0 
Ge(1) 7(1) 9(1) 12(1) 0(1) 0 0 
Ge(2) 10(1) 7(1) 12(1) 0 2(1) 0 
Ge(3) 9(1) 7(1) 12(1) 0 0 0 
a The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 2hka*b*U12]. 
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Table 4.  Selected Interatomic Distances (Å) for RE2Ru3Ge5 compounds 
 
 RE = La RE = Ce RE = Nd RE = Gd RE = Tb 
RE‒Ge(1) 3.0199(9) 2.9884(9) 2.978(1) 2.9652(8) 2.957(1) 
RE‒Ge(1) x2 3.1682(6) 3.1465(6) 3.1017(6) 3.0775(6) 3.0643(6) 
RE‒Ge(2) x2 3.2077(6) 3.1841(6) 3.1511(6) 3.1157(6) 3.1028(6) 
RE‒Ge(3) x2 3.2338(5) 3.2116(5) 3.1958(5) 3.1895(5) 3.1825(5) 
RE‒Ru(1) 3.2469(8) 3.2095(8) 3.1991(9) 3.1646(8) 3.1497(9) 
RE‒Ru(1) 3.2611(9) 3.2463(9) 3.203(1) 3.1712(7) 3.1561(8) 
RE‒Ru(1) x2 3.2670(6) 3.2436(6) 3.2104(6) 3.1856(6) 3.1725(6) 
RE‒Ge(2) 3.3493(6) 3.3194(7) 3.3034(7) 3.2914(6) 3.2792(6) 
      
Ru(1)‒Ge(1) 2.469(1) 2.435(1) 2.419(1) 2.4019(9) 2.393(1) 
Ru(1)‒Ge(2) x2 2.5038(7) 2.4821(7) 2.4703(8) 2.4693(6) 2.4614(7) 
Ru(1)‒Ge(3) x2 2.5253(5) 2.5101(5) 2.4897(6) 2.4892(5) 2.4827(5) 
      
Ru(2)‒Ge(1) x4 2.5233(6) 2.5092(6) 2.5027(7) 2.4922(6) 2.4872(7) 
Ru(2)‒Ge(2) x2 2.6478(9) 2.6291(9) 2.6045(9) 2.5767(8) 2.5642(9) 
Ru(2)∙∙∙Ru(2) x2 2.9579(6) 2.9403(6) 2.8987(6) 2.8718(5) 2.8583(5) 
      
Ge(1)‒Ge(2) x2 2.6971(8) 2.6879(8) 2.6785(9) 2.6806(7) 2.6779(8) 
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Table 5.  Map of the phase space occupied by compounds adopting the RE2T3X5 stoichiometry.  
The following structure types are represented: U2Co3Si5 (△), Sc2Fe3Si5 (□), Lu2Co3Si5 (○), 
Y2Rh3Sn5 (◇), Yb2Ir3Ge5 (▽), and Yb2Pt3Sn5 (☆).  The colors of the symbols correspond to 
different X elements: blue, X = Si; red, X = Ge; green, X = Ga; and black, X = Sn. 
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Figure 1.  SEM micrographs of typical crystals of (a) La2Ru3Ge5, (b) Ce2Ru3Ge5, (c) 
Nd2Ru3Ge5, (d) Gd2Ru3Ge5, and (e) Tb2Ru3Ge5.  Some surface etching of the crystals due to 
soaking in dilute HCl is visible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (c) (b) 
(d) (e) 
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Figure 2.  Crystal structure of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) compounds as viewed 
along the c axis.  To the right are shown different structural fragments: a square planar layer of 
RE atoms (top) and a [Ru3Ge5] slab (middle) as viewed down the a axis, as well as an infinite 
Ge(1)‒Ge(2) zigzag chain (bottom).  RE, Ru, and Ge atoms are represented by black, blue, and 
green spheres, respectively.   
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(a) (b) (c) 
(e) (d) 
Figure 3.  Five of the six crystal structure types which make up the RE2T3X5 series of 
compounds: (a) U2Co3Si5-type, (b) Sc2Fe3Si5-type, (c) Lu2Co3Si5-type, (d) Y2Rh3Sn5-type, and 
(e) Yb2Pt3Sn5-type. RE, T, and X atoms are represented by black, blue, and green spheres, 
respectively.   
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(a) (b) 
(c) (d) 
Figure 4.  (a) Magnetic susceptibility, χm (black), and inverse magnetic susceptibility, 1/χm 
(blue), for Nd2Ru3Ge5, as measured at 1 kOe in the temperature range 1.8-350 K.  (b) Derivative 
of χmT with respect to temperature.  (c) Magnetization as a function of field in the temperature 
range 1.8-300 K.  (d) Derivative of magnetization with respect to field as a function of field in 
the temperature range 1.8-300 K. 
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Figure 5.  Heat capacity, Cp, as a function of temperature in the range 1.8-50 K, as measured on 
single crystals of Nd2Ru3Ge5.  Inset: An expanded view of the temperature range below 6 K. 
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(a) (b) 
(c) (d) 
Figure 6.  (a) Magnetic susceptibility, χm (black), and inverse magnetic susceptibility, 1/χm 
(blue), for Gd2Ru3Ge5, as measured at 1 kOe in the temperature range 1.8-350 K.  (b) Derivative 
of χmT with respect to temperature.  (c) Magnetization as a function of field in the temperature 
range 1.8-300 K.  (d) Derivative of magnetization with respect to field as a function of field in 
the temperature range 1.8-300 K. 
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(a) (b) 
(c) (c) 
Figure 7.  (a) Magnetic susceptibility, χm (black), and inverse magnetic susceptibility, 1/χm 
(blue), for Tb2Ru3Ge5, as measured at 1 kOe in the temperature range 1.8-350 K.  (b) Derivative 
of χmT with respect to temperature.  (c) Magnetization as a function of field in the temperature 
range 1.8-300 K.  (d) Derivative of magnetization with respect to field as a function of field in 
the temperature range 1.8-300 K. 
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(d) 
(a) (b) 
Figure 8.  (a) Electronic band structure of La2Ru3Ge5.  (b) Densities of states (DOS) for the 
various atom types in La2Ru3Ge5. 
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Single crystals of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) series of compounds were grown 
from a molten In flux, with all of these materials adopting the U2Co3Si5 structure type.  For the 
three compounds with RE = Nd, Gd, and Tb, multiple magnetic transitions and metamagnetic 
behavior are observed.  Electronic band structure calculations performed on La2Ru3Ge5 indicate 
that these materials have a negative band gap and are semimetallic in nature. 
 
 
 
Flux Crystal Growth of the RE2Ru3Ge5 (RE = La, Ce, Nd, Gd, Tb) Series and Their 
Magnetic and Metamagnetic Transitions 
 
Daniel E. Bugaris,† Christos D. Malliakas,†,‖ Sergey L. Bud’ko,‡ Nicholas P. Calta,‖ Duck 
Young Chung,† Mercouri G. Kanatzidis*,†,‖ 
 
† Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA 
‖ Department of Chemistry, Northwestern University, Evanston, IL 60208, USA 
‡ Department of Physics and Astronomy, Iowa State University and Division of Materials Science & Engineering, 
Ames Laboratory, Ames, IA 50011, USA 
 
 
 
SUPPORTING INFORMATION  
 
 
 2 
 
Table S1.  RE2T3X5 Compounds with the U2Co3Si5-type Crystal Structure 
 
Compound Reference 
Sc2Co3Si5 1 
Y2Co3Si5 2 
Ce2Co3Si5 3 
Gd2Co3Si5 2 
Tb2Co3Si5 2 
Dy2Co3Si5 2 
Ho2Co3Si5 2 
Er2Co3Si5 2 
Tm2Co3Si5 2 
Lu2Co3Si5 2 
U2Co3Si5 4 
Y2Ni3Si5 3 
Ce2Ni3Si5 3 
Pr2Ni3Si5 5 
Nd2Ni3Si5 6 
Sm2Ni3.47Si4.53 7 
Eu2Ni3Si5 8 
Gd2Ni3Si5 9 
Tb2Ni3Si5 9 
Dy2Ni3Si5 3 
Ho2Ni3Si5 9 
Er2Ni3Si5 9 
Tm2Ni3Si5 9 
Lu2Ni3Si5 9 
Pu2Ni3Si4.89 10 
Eu2Cu3Si5 11 
Tb2Ru3Si5 12 
Er2Ru3Si5 12 
Y2Rh3Si5 13 
La2Rh3Si5 13 
Ce2Rh3Si5 14 
Pr2Rh3Si5 15 
Nd2Rh3Si5 13 
 3 
 
Sm2Rh3Si5 13 
Eu2Rh3Si5 11 
Gd2Rh3Si5 13 
Tb2Rh3Si5 13 
Dy2Rh3Si5 13 
Ho2Rh3Si5 13 
Er2Rh3Si5 13 
Tm2Rh3Si5 16 
Lu2Rh3Si5 15 
La2Pd3Si5 17 
Ce2Pd3Si5 17 
Eu2Pd3Si5 11 
Y2Ir3Si5 18 
La2Ir3Si5 19 
Ce2Ir3Si5 14 
Pr2Ir3Si5 19 
Nd2Ir3Si5 19 
Gd2Ir3Si5 19 
Tb2Ir3Si5 19 
Dy2Ir3Si5 19 
Ho2Ir3Si5 19 
Er2Ir3Si5 19 
Tm2Ir3Si5 19 
Lu2Ir3Si5 20 
La2Pt3Si5 21 
Ce2Pt3Si5 21 
Pr2Pt3Si5 22 
Sm2Pt3Si5 23 
Eu2Pt3Si5 24 
Yb2Pt3Si5 25 
Pu2Pt3Si5 26 
La2Co3Ge5 27 
Ce2Co3Ge5 28 
Pr2Co3Ge5 27 
Nd2Co3Ge5 29 
La2Ni3Ge5 30 
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Ce2Ni3Ge5 31 
Pr2Ni3Ge5 32 
Eu2Ni3Ge5 33 
Y2Ru3Ge5 28 
La2Ru3Ge5 28 
Ce2Ru3Ge5 28 
Pr2Ru3Ge5 28 
Nd2Ru3Ge5 28 
Sm2Ru3Ge5 28 
Gd2Ru3Ge5 28 
Tb2Ru3Ge5 28 
Dy2Ru3Ge5 28 
Ho2Ru3Ge5 28 
Er2Ru3Ge5 28 
Tm2Ru3Ge5 28 
La2Rh3Ge5 28 
Ce2Rh3Ge5 28 
Pr2Rh3Ge5 28 
La2Pd3Ge5 34 
Ce2Pd3Ge5 34 
Pr2Pd3Ge5 34 
Nd2Pd3Ge5 34 
Sm2Pd3Ge5 34 
Y2Ir3Ge5 28 
La2Ir3Ge5 28 
Ce2Ir3Ge5 28 
Pr2Ir3Ge5 28 
Nd2Ir3Ge5 28 
Sm2Ir3Ge5 28 
Gd2Ir3Ge5 28 
Tb2Ir3Ge5 28 
Dy2Ir3Ge5 28 
La2Pt3Ge5 35 
Ce2Pt3Ge5 36 
Pr2Pt3Ge5 35 
Sm2Pt3Ge5 37 
 5 
 
La2Rh3Sn5 38 
La2Ir3Sn5 39 
 
 
 
Table S2.  RE2T3X5 Compounds with the Sc2Fe3Si5-type Crystal Structure 
 
Compound Reference 
Y2Mn3Si5 40 
Gd2Mn3Si5 40 
Tb2Mn3Si5 41 
Dy2Mn3Si5 41 
Ho2Mn3Si5 41 
Er2Mn3Si5 41 
Tm2Mn3Si5 42 
Yb2Mn3Si5 40 
Lu2Mn3Si5 40 
U2Mn3Si5 43 
Sc2Fe3Si5 44 
Y2Fe3Si5 45 
Sm2Fe3Si5 45 
Gd2Fe3Si5 45 
Tb2Fe3Si5 45 
Dy2Fe3Si5 44 
Ho2Fe3Si5 45 
Er2Fe3Si5 45 
Tm2Fe3Si5 45 
Yb2Fe3Si5 45 
Lu2Fe3Si5 45 
Pu2Fe3Si5 46 
U2Tc3Si5 47 
Pu2Tc3Si5 46 
Sm2Ru3Si5 48 
Gd2Ru3Si4.6 12 
Tb2Ru3Si4.6 12 
Dy2Ru3Si4.6 12 
Ho2Ru3Si4.6 12 
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Er2Ru3Si4.6 12 
Lu2Ru3Si5 49 
Y2Re3Si5 50 
La2Re3Si5 51 
Ce2Re3Si5 50 
Pr2Re3Si5 50 
Nd2Re3Si5 50 
Sm2Re3Si5 50 
Gd2Re3Si5 50 
Tb2Re3Si5 50 
Dy2Re3Si5 50 
Ho2Re3Si5 50 
Er2Re3Si5 50 
Tm2Re3Si5 50 
U2Re3Si5 52 
Np2Re3Si5 47 
Pu2Re3Si5 47 
Nd2Os3Si5 53 
Eu2Os3Si5 54 
Tb2Os3Si4.6 12 
Er2Os3Si4.6 12 
La2Ru3-xGa5+x 55 
Ce2Ru2.31Ga5.69 55 
Pr2Ru3-xGa5+x 55 
Nd2Ru3-xGa5+x 55 
Sm2Ru2.73Ga5.27 55 
Pr2Ru3Ge5 56 
Sm2Ru3Ge5 56 
Dy2Ru3Ge5 56 
 
 
 
Table S3.  RE2T3X5 Compounds with the Lu2Co3Si5-type Crystal Structure 
 
Compound Reference 
U2Fe3Si5 57 
Sc2Co3Si5 58 
 7 
 
Y2Co3Si5 58 
Tb2Co3Si5 59 
Dy2Co3Si5 58 
Lu2Co3Si5 58 
Pu2Co3Si5 10 
U2Ru3Si5 57 
Y2Rh3Si5 60 
Tb2Rh3Si5 61 
Dy2Rh3Si5 60 
U2Rh3Si5 57 
U2Os3Si5 57 
Y2Co3Ge5 28 
Pr2Co3Ge5 28 
Nd2Co3Ge5 28 
Sm2Co3Ge5 28 
Gd2Co3Ge5 28 
Tb2Co3Ge5 28 
Dy2Co3Ge5 28 
Ho2Co3Ge5 28 
Er2Co3Ge5 28 
Y2Rh3Ge5 28 
Nd2Rh3Ge5 28 
Sm2Rh3Ge5 28 
Gd2Rh3Ge5 28 
Tb2Rh3Ge5 28 
Dy2Rh3Ge5 28 
Ho2Rh3Ge5 28 
Er2Rh3Ge5 28 
Tm2Rh3Ge5 28 
 
 
Table S4.  RE2T3X5 Compounds with the Y2Rh3Sn5-type Crystal Structure  
Compound Reference 
Y2Rh3Sn5 62 
Gd2Rh3Sn5 62 
Tb2Rh3Sn5 62 
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Dy2Rh3Sn5 62 
Ho2Rh3Sn5 62 
 
 
Table S5.  RE2T3X5 Compounds with the Yb2Ir3Ge5-type Crystal Structure 
Compound Reference 
Er2Ir3Ge5 63 
Tm2Ir3Ge5 63 
Yb2Ir3Ge5 64 
Lu2Ir3Ge5 63 
 
 
Table S6.  RE2T3X5 Compounds with the Yb2Pt3Sn5-type Crystal Structure  
Compound Reference 
Yb2Pt3Sn5 65 
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